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ABSTRACT

The adequacy of a structure can only be realistically determined if it is assessed with
sound knowledge of the loads that are likely to be applied to that structure. Therefore,
methods for evaluating hydrodynamic loads on ships have been reviewed in order to
assess their applicability to RAN ships. The different methods are used at various
stages of design or analysis dependant upon the amount of time and information
available to the designer/analysist. Methods for calculating still water loads and wave
bending loads using the Static-Balance method are outlined and comparisions of the
methods provided. The use of Strip Theory methods to determine the probable and
design extreme amplitude shear force or bending for a particular sea state is explained
and predictions are compared with full scale measurements. Methods for long term
load predictions such as Adamchak's Method and load shortening curves are also
discussed. Methods for applications of these loads to finite element models are given
and the particular case of an analysis of an RAN ship is discussed.
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Determination of Wave Loads for Ship
Structural Analysis

Executive Summary

The adequacy of a structure can only be realistically determined if it is assessed with
sound knowledge of the loads that are likely to be applied to that structure. At the
request of the task sponsor, methods for evaluating hydrodynamic loads on ships have
been reviewed in order to assess their applicability to RAN ships. It is generally
accepted, that both hydrostatic and self-weight loads can be determined for a given
ship condition with a high degree of confidence. The evaluation of wave generated
hydrodynamic loads, however, is less reliable and there is less guidance as to how to
handle the dynamic nature of the loading as well as transient effects such as slamming.

A review of wave load calculation methods and their application to finite element
models has been conducted and where possible, evaluated using experimental data.
Different formulae for the traditional design 'static wave' height are presented together
with background information as to their application. Alternatively, strip theory may be
used to predict wave loads on ships in different sea states, ship speeds and headings.
A probabilistic assessment then enables the probable maximum load for the given sea
state to be predicted and if all combinations of ship speed, heading and sea state are
considered, long term design extreme and fatigue loads can be evaluated. The accuracy
of the strip theory and other codes has been investigated by several researchers,
including the author, and it appears that the error associated with predicting midships
bending moment using strip theory is of the order of 10% to 20%.

The ultimate bending moment is the extreme bending moment that is likely to be
experienced by a ship in it lifetime, so methods for determining the ultimate bending
moment are investigated. For RAN purposes, the most appropriate method at present
appears to be that of Adamchak which is incorporated into the MAESTRO program.
There is limited, albeit very encouraging, correlation between numerical predictions
and test data and further evaluation is therefore recommended. The use of load
shortening curves as a means for determining ultimate strength is briefly discussed,
but suitable computer programs are required for effective use of this method. For
quick, simplistic calculations, analytical methods provided by Hughes (1983) enable
the minimum load to collapse stiffened panels to be determined.

It is recommended that further work be done to establish an appropriate procedure for
the direct application of wave spectrum loads onto finite element models and to
validate results obtained against alternative methods and full scale measurements.
This would enable more realistic loading scenarios to be analysed with greater
confidence and within a lesser period of time. This will benefit both the RAN
acquisition process, by enabling more thorough investigation of structural strength,
and fleet support program by providing greater knowledge of loads which may cause
failure of structures.
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1. Introduction

It is generally accepted for the purposes of ship structural design and analysis, that
both hydrostatic and self-weight loads can be determined for a given ship condition
with a high degree of confidence. The underwater shape of the hull is readily
determined from detailed knowledge of the hull offsets and appendages, enabling the
buoyancy distribution to be calculated through Archimedes principle. Detailed weight
lists, including knowledge of stores, cargo and fuel, enable the self-weight distribution
to be calculated. The application of these loads to a finite element model for analysis is
relatively straight forward since the loads are static, well defined and are easily
applied as pressure or self-weight load types available within finite element programs.

The evaluation of wave generated hydrodynamic loads, however, is less reliable than
the static loads and there is less guidance as to how to handle the dynamic nature of
the loading as well as transient effects such as slamming and sloshing. In the past four
to five decades, research has provided increased knowledge of the nature of
hydrodynamic loads, which together with the improvements in electronic computers,
have greatly enhanced the capability to determine the effects of these loads on ship
structures. The work of people such as St. Denis and Pierson (1953), Korvin-
Kroukovsky (1955), Korvin-Kroukovsky and Jacobs (1957) and Salvesen et al(1970)
have provided the basis for the mathematical description of hydrodynamic loads on
ships. These methods are essentially linear and two-dimensional in nature and
although reasonably accurate for moderate sea conditions and ship speeds, they are
less accurate for extreme loading conditions which are also the most critical when
considering hull structural strength. Non-linear theories (Ochi and Motter, 1973, Belik
et al, 1983) and three-dimensional loads prediction methods such as PRECAL! have
been introduced but these require greater computational effort and have not yet
proven to be significantly more accurate than the two dimensional methods.

The application of hydrodynamic loads to finite element models is also more difficult
than for static load cases due to the dynamic nature of the problem as well as the loads
themselves being less clearly defined. Many documents have been written in relation
to various hydrodynamic loading theories and likewise on finite element analysis of
ship structures and components, however the joint treatment of the two has not seen
the same attention. It is the intention of this report therefore, to provide an outline of
common methods used for determining hydrodynamic loads on ships, to provide
guidance on their limitations and to discuss suitable procedures for applying these
loads to ship structures through finite element analysis.

1 PRECAL is a linear, three-dimensional, frequency domain computer program for the prediction of
hydrodynamic loads and was developed by the Netherlands Ship Model Basin Cooperative Research
Ships organisation.
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2. Load Calculation Methods

A ship is a freely floating body on the surface of the water and so is subjected a
combination of hydrostatic and hydrodynamic forces depending on whether either the
ship or the free surface are moving. At the overall or global level, if the ship is
considered as a rigid body (a beam or girder), then Newton's second law must be

satisfied. That is:

9
- -
F = S(Igt") =ma @)

An exact analytical solution however is not yet possible except in the hydrostatic case,
where a = 0. The simple hydrostatic case where both the ship and the water are still is
referred to as the “still water’ case and is the starting point for almost all hull strength

calculations.

2.1 Still Water Loading

When a ship is floating at rest in still water, for equilibrium the total net force and
moment on the ship is zero. The shear force and bending moment distribution on the
ships are then given respectively by the integration of the difference between the
weight and buoyancy, and their resultant moment, along the length of the ship. That
15;

Shear Force: Lf[z{w(x) -b(x)}dx=0
A @
Moment: /jx.{w(x) -b(x)}dx =0

~-L/2

The shear force and bending moment information is usually illustrated graphically for
given load conditions as shown in Figure 1. Often, only the vertical bending case is
considered, as this is by far the most significant still water load case, but for SWATH's
(Small Waterplane Area, Twin Hull) and other multihull vessels it will also be
necessary to consider the transverse distribution of weight and buoyancy for the cross
deck structure calculations.
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+ © Longitudinal Strength  Condition Hogging, Still Water
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Figure 1. Typical Still Water Shear Force and Bending Moment Distribution for a Naval
Frigate.

2.2 Static-Balance Method

Typically the still water load is not the most severe overall loading case, as the effects
of dynamic wave loading must be superimposed upon the still water case2 This is a
much more difficult problem to analyse and to date no completely satisfactory method
of analysis exists. Until recently the usual approach has been to imagine the ship
momentarily balanced upon a design wave, such that the net force and moment on the
ship is zero, and to calculate the corresponding shear force and bending moment
distributions. This is known as the ‘quasi-static’ or ‘static-balance’ method and is

essentially another case of equation (1) for which a = 0, albeit artificially. The static-
balance is an idealised representation and does not directly allow for dynamic effects
so will not provide a true assessment of the actual stress distribution within the
structure. It is however a very valuable tool in the ‘Rules” approach to ship design.
That is, the ship is designed to ‘Rules’ such that calculated stresses are less than or
equal to a specified maximum when the ship is balanced on the design wave. This
enables minimum sectional modulus to be determined and should be followed up later
on with more detailed and specific calculations, such as analysis of stiffened panels or

2 An exception to this is very large ships such as bulk carriers, where during loading or unloading if
proper distribution of the cargo is not maintained, the overall bending moment can be large enough to
bring about hull girder collapse.
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deck openings. Calculated stresses using the design wave approach may be used for
comparison purposes throughout the life of the ship, for example, to determine the
effects of major structural modifications, but it should always be recognised that
calculated stress level are indicative only. It is generally considered that this approach
is conservative in terms of overall hull girder strength, and according to Kamel and
Lui (1971), work by Lewis (1957) and Jacobs (1958) has shown that bending moments
predicted by the static-balance method are greater than those calculated from solutions
to the equations of motion.

The weight and 'static wave' buoyancy distributions are needed to determine the shear
force and bending moment distribution along the length of the ship. The ship is
typically broken down into at least twenty sections for these calculations. The weight
distribution usually comes from design calculations and the buoyancy distribution is
calculated through an iterative procedure. To calculate the buoyancy distribution, the
waterline takes on the shape of the assumed wave profile (usually trochoidal) of height
H and of length A, which is most commonly taken as A = Lgp although sometimes A =
0.9 Ler may be used, as for example, the case presented in Figure 2. With the crest
(hogging case) or trough (sagging case) of the wave at midships, the trim and the
submergence of the ship are iteratively adjusted until the force and moment equations
(Equations 3) are balanced.

L/2
Shear Force: . {w(x;)—b(x;)}éx =0
L2
i= 1,..no of stations 3
L/2

Moment: > %, {w(x;)=b(x;)}ex =0

-L/2

Once these equations are balanced, the shear force and bending moment distributions
are determined through integration of the sectional forces along the hull, as for
example shown in Figure 2. The resulting load distributions may be applied to a finite
element model in a number of ways as discussed in section 4.2.

2.2.1 Design Wave Height for Static-Balance Method

There has been much discussion as to suitable methods for specifying design wave
height, and historical accounts of standard wave height formulae are given by Evans
(1975) and in SSCP23. Probably the most common formula are:

i. H =L/20, although this is less commonly used nowadays, particularly for higher

wave lengths,
ii. The H = 11JL (feetyor H = 0.6/L (metres),

iii. The ‘8m’ wave? given by

3 An increase of 15% is recommended if the ship operates solely in the North Atlantic. (SSCP23)
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L
—m ;L< 80m
H=1:10 “)

8 m ;L >80m.

The increase in design wave height with length L for the three methods are shown in
figure 3.

* O Longltudmal Strength Static Wave Balance, Hogging Condition
o ¢ & . ; Wave Amplit = 5.2 m, Wave Height = 0.9 LBP, Direction = 0 deg.
Distribution of Bending Moments, Torsional Moments  wave Crest at 45.0 m, Ship Speed = 25 knots

3 . 3
#18 ¢ +102 107 ¢ Ghear Forces. Dimensions kN, m
24, 80, 20.

-6} -2 -5

-18] -6 -15

-24 -8ol -2a

% = bending moment. horizontal O = sheor forces. horizontal 4 = torsiono! moment

O = bending moment, vertica! © = shear forces, verlical ref.to 0.5¢0

Figure 2. Typical Hogging Force and Moment Distributions for a Naval Frigate

Inherent in the use of these formulae are assumptions as to how they should be
applied and these must be considered when these methods are used. For example, it in

the use of the 0.6v/L for design purposes, it is intended that the bare hull, with the
superstructure being considered structurally ineffective, be used in calculations of
maximum bending stress (Sikora et al)%. It must be remembered to include the
superstructure in subsequent calculations to ensure adequacy of the superstructure.

The 8m wave is based upon comparisons with extensive trials results (Clarke 1985 and

1986) and is recommended by SSCP23 for design purposes. Since the 064JL wave
allows for the increase in effective wave height with ship length while acknowledging
the non-linear manner of this increase, it may be more appropriate for design of larger
ships (above about 200m). For typical naval vessels such as frigates, the 8m wave more

4 Table 4.1 of NAVSEA (1976) suggests that if the superstructure is "long" it may be included in the
Jongitudinal bending calculations, however the need to apply "stringent rules" relating to the effectiveness
of longitudinal elements is stressed.
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appropriate as it has been derived from trials results of vessels of this type. Regardless
of which ever method is used, the need to ensure that the methods are applied
correctly as outlined in the appropriate manuals (SSCP23, NAVSEA) is stressed.

25
Design e
Wave L20 .~
Height 20 |
(m) R
15 ¢ 0.6VL

0 100 200 300 400 500
Length, L (m)

Figure 3. Comparison of Design Wave Height Formulations.

For preliminary design, if detailed information of the mass distribution along the ship
is not known, then it will be necessary to estimate a worst case design wave bending
moment at the midships section using formulae such as the dimensional expression
provided by SSCP23 developed from at-sea strain measurements;

M,, = (gAL /100)(9.0 - 0.02L -0.5*10*L?) )
M,, = (gAL/100)(3.0 + 0.02L -1.1*107L?)

where; g is in m/s?, A is displacement in tonnes (including margins and through life
increases), L is in meters and bending moments are in units of (gAL). A “(1-cos?)”
distribution’ of bending moment be used to extend the midships bending moment to
cover the full length of the ship, as shown in figure 3 and the still water bending
moment must be added to provide the overall bending moments.

Bending moments calculated using any of the above formulae are intended to provide
expected values of maximum bending moments likely to occur once in the life of the
ship (3 x 107 wave encounters in the case of the 8m wave) and so resulting bending

moments must be factored to provide a safe design limit. In the case of the 0.6+L

5 This may also be referred to as the (l-cos) distribution due to the identity;
1-cos? 8= (1-cos26)/2 where §=7nx/L.
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wave a factor of L =2.0 is used by the RAN (Thomson), whereas to achieve a 1%

probability of exceedance of the expected wave bending moment, SSCP23
recommends that the wave bending component of the 8m wave be multiplied by
L , =1.54. The design bending moments for hogging and sagging are then given by:

Mds = Msw ¥ Lf(Ms - Msw) (6)
Mdh = Msw + Lf(Mh - Msw)
where M. and M; are calculated using the static-balance method. These expressions

may be used to calculate the bending moment distribution along the full length of the
ship.

To allow for the effects of slamming and whipping, Clarke (1986) recommends that the
midships bending moment value be carried forward to 0.35L from the forward
perpendicular and from there to be reduced linearly to zero at the forward
perpendicular, as shown in Figure 4. Recent work by Phelps and Boyd (1997) suggests
that similar consideration should be given to allowance for stern slamming. Trials
results show that measured bending moments in moderate seas are very close to the
(1-cos?) distribution with one percent probability of exceedence in moderate conditions
and so are likely to be exceeded in the event of stern slamming. An extension of the
maximum bending moment to 0.6L followed by linear reduction to the aft
perpendicular is suggested.

. Peak bending moment
N extended to include
Sagging BM N, slamming component

'1-cos? distribution

Hogging BM
'1-cos® distribution

> seeesd »e
Bending moment acts Bending moment acts Bending moment ati\
together with shear forcg separately from shear force :  separately from shear fo
; s 4 + H . . 1 : L 3 .

20 19 18 17 16 15 14 13 12 11 10 9 8 7 6 5 4 3 2

Figure 4. Design Vertical Bending Moment Distribution with Allowance for Slamming.

Finally, it should be recognised that the static balance method is only intended to
provide the minimum scantlings needed for adequate structural strength and that
more detailed calculations are required to ensure satisfactory in-service structural
performance.
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2.3 Strip Theory Methods

The static-balance method provides a yardstick by which to assess the adequacy of
existing or proposed designs but does not provide a realistic assessment of loads being
imposed on a ship by a particular seaway. This means that they are not useful for a
retrospective analysis where for example it may be necessary to assess the loads that
caused damage to a structure, or alternatively to investigate the probable extreme load
for a given sea state. This is a complicated task involving the estimation of dynamic
and static pressures, inertia loads, added mass and damping effects, prediction of ship
motions and then combining these to give the total load distribution over the ship.
This type of analysis may be carried out using a combination of statistics and strip

theory.

Strip theory is a linear superposition method which derives it's name from the
technique employed whereby the ship is idealised as being made up of a series of
prismatic sections, or strips. The three dimensional problem is therefore broken down
into a series of two-dimensional problems where forces and motions of each strip can
be solved independently and then integrated along the length of the ship to provide
the response for the whole vessel.

Strip theory calculations are by necessity computer based and several strip theory
programs are available for this purpose, such as SHIPMO (Graham and Millar, 1984,
and McTaggart, 1993). Most strip theory programs are based upon the methods of
Salvesen et. al.(1970), and are considered linear programs since they assume that:

i. An irregular seaway can be adequately represented by the linear summation of
regular waves (sine waves), and

ii. Ship responses (motions and stresses) to regular waves are linear and so
superposition may be used to determine the overall responses to an irregular
seaway.

Important assumptions of strip theory programs are that of "wall-sidedness", that is,
each strip is of constant section and sides of the ship are vertical above and below the
still water line, and that wave heights are assumed small compared to the draft of the
ship. The results of these assumptions are that:

i, Strip theory does not differentiate between hogging and sagging bending
moments.

ii. Strip theory is not generally valid for application to multihulls as it assumes that
the hull is continuous and symmetric about the fore and aft axis and there is no
consideration of wave interaction between hullsé.

¢ The hybrid strip theory program HYDROS (Doctors, 1993) has partly overcome this limitation using a
panel or boundary-element method to define the strips and to calculate hydrodynamic coefficients which
enables asymmetric hulls to be considered. Also, wave interaction between hulls in the same strip are
accounted for by the program, but there is no consideration of waves generated by one strip interacting
with waves generated by following strips. This is a speed dependent effect and to date it has not been
possible to quantify this effect using strip theory programs.
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jii. Strip theory is a slender ship theory (L/B >7) and is strictly valid only for low to
moderate sea states.

iv. Calculation of strip theory hydrodynamic coefficients and forces are based upon
the assumption that ship speed is relatively slow and so predictions deteriorate at
higher Froude numbers (F»>0.3 - McTaggart and Ando, 1992).

v. Slamming predictions are limited to pressures and forces derived from empirical
form factors and relative velocities, although not all strip theory programs provide
such calculations.

Based upon comparisons with onboard measurements from several Royal Navy (RN)
ships, Clarke (1986) concluded that strip theory over-estimated wave bending
moments, particularly at larger wave heights’. The hogging bending moment was over
predicted more so than the sagging moment as the measured slam transient coincided
with the sagging bending moment, increasing the measured bending moment to
nearer those predicted by strip theory. It was concluded that strip theory over
estimates the midships sagging bending moment by an amount approximately equal
to the slamming contribution.

Some strip theory programs, such as DREA's time domain HYPOH?2 program, provide
predictions of hull surface pressures consisting of a hydrostatic component as well as
time varying radiation and diffraction components. According to McTaggart and
Ando (1992) however, validation against limited towing test data shows poor
agreement and they suggest that strip theory does not provide sufficiently accurate
predictions of hydrodynamic pressures for ship structural design. An exception to this
may be the HYDROS program which uses the panel method with lid to avoid
problems of irregular frequencies, which although it does not currently provide
pressure explicitly, they are calculated internally by the program and it is believed that
future development of this program will see nodal pressure data being made available.

A validation of three strip theory codes, and of the 3-D panel method code PRECAL
(see section 2.4), was conducted by Dalzell et al (1992) where analytical results were
compared with model test data for three ships. The conclusion was that at best the
differences between analytical and experimental midships bending moment RAOs
were within 10% to 20% at peak values of the RAOs. For lower levels of RAO values,
the experimental data scatter was of the order of the RAO magnitudes and so no clear
assessment of analytical accuracy was possible. It was also concluded that although
analytical methods can provide intelligent engineering estimates elsewhere than
midships, quality of these estimates degrades towards the ends of the ship. The
accuracy of the strip theory codes was degraded in bow and quartering seas
particularly in the region between 60 degrees and beam on. These conclusion are
supported results obtained by Phelps and Boyd (1997) when comparing full scale trials
results with strip theory predictions.

7 As a guide, from data provided by Clarke it would appear that for midships bending moment, these
non-linearities are most significant at wave heights greater than L/10, however results are also influenced
by ship’s speed and the reference should be consulted.
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Complicated time domain computer software has been developed to simulate ship’s
responses to slamming (e.g. Belik et al, 1983), but to obtain good statistical estimates of
extreme responses very long computer simulations are required to enable phase angles
between regular wave components to be sufficiently varied for the simulations. It has
been found that large differences in extreme values can occur depending on the phase
relationships (Clarke, 1986) and so predictions of long term slamming statistics are
generally not possible at the present time due to limitations on simulation time. As a
result, allowance for slamming in design calculations is often still very approximate,
such as the extension of midships bending moment forward to 0.35L as described

above.

2.3.1 Short Term Design Loads from Strip Theory

In fully developed seas it is generally held that the statistics of the seaway remain
essentially constant (stationary) for a period of time lasting from about one hour up to
10 hours. The loads arising from such short duration seaways are known as short term
loads and these are considered in this section.

Strip theory calculates the linear frequency response function?, Hg, (o) between the
ship response and the wave spectrum. This is a complex relationship between the
Fourier transforms of the input (wave, {(®.)) and output (response, R(o.))
functions and is given by,

9:{((“)e) = HERC (we)'g(me) (8)

It is to understood that either the real or the imaginary part only is being considered,
not both.

The ship responses to a particular seaway are dependant upon loading condition,
speed and relative wave heading as well as the actual encountered sea conditions. The
relationship between wave frequency and encounter frequency is defined by these
parameters as,

o, =0 - (®°/g)V, cosy )

Typically, 'responses' provided by strip theory are; the amplitude ratio and phase
angle between the discrete frequency components of the wave amplitude spectrum,
and the acceleration, shear force or bending moment spectra, as for example the
SHIPMO output given in Figure 5.

8 Sometimes erroneously called the transfer function, as, for example in SHIPMO.
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The frequency response function also provides the relationship between the wave
height and response spectra. The amplitude ratio® provides the linear relationship
between the wave and response spectra at the various frequencies and is given by the
modulus of the frequency response function. The phase angle is the angle by which the
maximum value of the response, at that frequency, leads or lags the maximum value of
the wave elevation at the wave origin.

In the SHIPMO program for example, the wave origin is located at the ship centre of
gravity and a positive phase angle represents the response leading the wave elevation.
The numerical value of the phase angle is given by the argument of the frequency
response function, i.e. the arc-tangent of the ratio of the imaginary to real parts. That is:

Amplitude Ratio = [Hg, (0.)] = \[HZ + H2. = Se(@.) %
RE HFe real imag SC ((D . ) (8)

Phase Angle = arg [Hm (a)e)] = tan'l(Himag / H,eal)

Therefore, with the frequency response function at each station provided by strip
theory, for a given wave spectrum the corresponding acceleration, shear force and
bending moment spectra at each station may be determined. By assuming a Rayleigh
distribution of short term peak values, ie. for a particular sea condition, useful
statistics of these spectra may be obtained?®:

T. = average zero-upcrossing period in seconds

= 2nV(mg/mp)
&. = average amplitude

1.25vVmy

Ek = probable extreme amplitude (Ochi, 1978) for the particular sea state

- (60)’T [m _ (60)*T

= len{—;j;— zmo .,/mo = 2In T .,Jmo (9)
Edk = design extreme amplitude for the particular sea state

- Zln{(6(?rz’r}.\[m—o - 21n{—‘l§}.\/m—0 (10)

[

9 The square of amplitude ratio is often referred to as the Response Amplitude Operator, or
RAO.

10 As the relationship between response spectrum and wave spectrum is linear, these formulae may be
applied to either the waves or the ship's responses through appropriate choice of mp.
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where

T = duration of the specified sea, in hours
a = arisk parameter, (e.g. ®=0.01 means a 1% risk of exceeding the design value)
k = total number of wave encounters for the particular sea state

f 0"S (o).do

= n'th moment of the spectrum in question

mn

Therefore with knowledge of a particular input wave spectrum and the frequency
response function, it is possible to determine the probable maximum wave amplitude
(or height) and maximum response amplitude and to define a short term design
extreme value through the use of a risk parameter a. For example, Figure 6 shows the
maximum measured vertical bending moment during a half hour period on HMAS
SWAN (Phelps and Boyd, 1997) together with the (1-cos?) distribution of probable and
extreme bending moments for the measured sea state. It should be remembered that
the wave loading component is being considered and that still water effects are not
included. Furthermore, it is to be remembered that strip theory does not differentiate
between hogging and sagging, nor does it allow for slamming effects and that these
factors should be included when determining the overall design load for a particular
sea state.
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Figure 6. Vertical Bending Moment Distribution Compared with Measured Results.

2.3.2 Long Term Design Loads from Strip Theory
In contrast to short-term loads, the expression "long-term design loads" relates to those

loads encountered throughout the intended life of the ship and so must account for the
many combinations of short term loading conditions over that time. An estimate of the

13
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long term design bending moment (often referred to in this context as the extreme
lifetime bending moment) and the development of a fatigue loading spectrum based
on probabilistic methods may also be made with the help of strip theory calculations.

The lifetime distribution of loads on a ship is going to be influenced by, amongst other
things, ship's speed, heading, loading and environmental conditions. In order to
determine the long term, or lifetime, design bending moment it is necessary to
calculate RAOs which take into account these factors. Headings, speeds and loading
conditions are ideally obtained through analysis of past fleet practices or operational
analysis, while the probability of encountering various sea states may be obtained
from wave scatter diagrams. A summation of responses, weighted by the probabilities
of each combination of parameters, enables the fatigue load spectrum to be
determined. A full outline of such method is provided by Sikora et al (1983), and a
pictorial representation of this procedure is given in Figure 7 (Phelps, 1995/B).

As strip theory does not directly calculate slamming responses, empirical corrections
are applied to determine extreme bending moments in hogging and sagging, for
example as detailed by Sikora et al.

WAVE TONG TERM SEA
STATISTICS FROM STATE Responses to cach wave
WAVE ATLASES PROBABILITIES - A height/period combination
H, T weighted by probability of
ship condition
v,
SHIP SPEED - Vs v
OT}EAT{(OI‘;AL REL DIRECTION - ¥
ALYST LOAD CONDITION - A A A
%ﬁ E Vl % ; vl
v v 5,
HULL FORM STRIP THEORY - :
GEOMETRY RAOs Sx(0) = RAO.5,(0)

' |

LIFETIME ULTIMATE WAVE FATIGUE
WAVE LOAD LOAD SPECTRUM

CORRECTION FOR STILL WATER LOADS AND SLAMMING
EFFECTS

LIFETIME ULTIMATE LIFETIME FATIGUE
LOAD LOAD SPECTRUM

Figure 7. Long Term Design Load Evaluation Using Strip Theory.
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2.4 Three-Dimensional Methods

Three-dimensional methods use what is known as the panel method to describe the
hull shape of a vessel, that is the surface of the hull is approximated by a number of
discrete panels. It is applicable to both monohull and multihull configurations and the
restricion of slender ships no longer applies, thereby overcoming principal
disadvantages of strip theory. Three-dimensional potential flow theory is used to
calculate the fluid forces enabling ship motions and wave loads to be determined. Both
time and frequency domain codes are available.

The NSMB Co-operative Research Ships developed code, PRECAL, is a frequency
domain code which uses a three-dimensional Green function method to calculate the
radiation and diffraction pressures. Either an exact speed-dependent form or a
simplified Green function may be used, with large variations in CPU time as a result.
McTaggart and Ando (1992) quote variations between 5 hours (exact) and 3 minutes
(simplified) for a destroyer model using 227 panels, with no clear preference for either
form being given. Ando (1995) presents a comparison of model test results with
predictions from PRECAL for a 121.3 m destroyer in regular head seas. He concluded
that predictions for heave and pitch motions, and vertical shear and bending moments
at midships were quite good at moderate Froude numbers (F1<0.29), but that pressure
predictions were inconsistent for non-zero speed cases. By contrast, according to
Dalzell et al (1992), when compared to model test results those from PRECAL were at
times inconsistent, particularly at zero speed where they should have been better than
strip theory, but yielded the best estimates in quartering and following seas.

From these conclusions there seems to be little evidence to suggest that the extra
computational effort required by the three-dimensional codes such as PRECAL is
warranted for conventional monohulls in moderate conditions. However, three-
dimensional codes provide great potential in their ability to predict hydrodynamic
loads for ships, particularly in relation to multihulls and for their ability to calculate
nodal pressures for direct application to finite element models. It is likely, therefore,
that further developments of three-dimensional codes can be expected in the future,
both in their accuracy and their execution time, which will eventually see these codes
replace the two-dimensional strip theory codes.

3. Ultimate Bending Moment

If the ship hull girder is progressively loaded through bending, the relationship
between the bending moment and the curvature ¢ is linear until individual structural
members are no longer able to elastically carry further load, and through plastic
deformation or buckling, begin to shed their load onto adjacent members. Under
further loading, there will be progressive failure of individual structural members
until such time as the hull is unable to carry further load. The bending moment at
which this occurs is known as the Ultimate Bending Moment, M., and as shown in

15
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Figure 8 it is the value of the bending moment at which the slope of the bending
moment-curvature curve becomes zero.

3.1.1 Adamchak's Method

To calculate of the ultimate bending moment precisely it would be necessary to
conduct an incremental non-linear finite element analysis of the hull using very fine
mesh with a large number of elements to account for the progressive spread of
plasticity, but this is too costly and too time consuming for most practical cases. There
is however a simplified ultimate strength assessment capability within the
MAESTRO! program, written by Adamchak (1982), which avoids the use of
incremental load application and non-linear finite element analysis. It does this by first
calculating the collapse loads of individual panels and the corresponding ultimate

Bending
Moment

M

u

Curvature ¢

Figure 8. Definition of Ultimate Bending Moment.

strain, as well as the average uniform tensile strain necessary to cause yielding. These
values are then compared to the average values of elastic hull girder bending strain for
each panel, which is equal to the curvature times the distance from the neutral axis, to
determine which will be the first to fail. The curvature at which the panel collapses or
yields is then given by:

(8 au )i E}’_D (11)

Yi

0 _ MIN
° 1=1 ’ Yi

from which the corresponding bending moment my be calculated:

11 MAESTRO is a computer program for the design of large thin-walled structures such as ships and
offshore platforms.
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M, =EL¢;’ (12)

The panel which is first to collapse is then assumed to carry no further load and the
new section modulus and neutral axis are calculated. The next panel to collapse or
yield is determined and the corresponding increment in curvature and corresponding
bending moment required to cause panel failure are calculated. This process continues
until such time as failure of the final panel is reached. The cumulative sum of the
incremental bending moments is then the ultimate bending moment. A more detailed
discussion of this approach is given in chapter 17 of Hughes (1983), including the
different treatment of failed panels depending on whether failure is through yielding
or buckling.

As an indication of the accuracy of this method, Hughes compares the approximate
method of Adamchak with more rigorous calculations and experimental results for a
box girder. In that particular example the approximate method overestimated the
ultimate strength of the box girder, compared to the experimental value, by 4% and fell
amongst the values given by the rigorous method, which gave differing treatments to
the hard corners. However further experimental validation of the method is suggested
in order to determine it's inherent optimism or conservatism. '

3.1.2 Load Shortening Curves

The definition of ultimate bending moment, as given by SSCP23, is the minimum
bending moment which will cause overall failure of the section through any
mechanism. SSCP23 provides an alternative approach to assessment of the ultimate
bending moment using "load shortening curves" developed by DERA2

Load shortening curves are normalised stress/strain curves for panels of different
aspect ratio and initial imperfections, over the whole tension to compression range of
elastic-plastic failure. They are developed using non-linear finite element analysis to
study the elastic-plastic deformations of stiffened panels under compressive loading.
The curves describe the elastic and plastic response of the panels up to the point that it
is no longer capable of carrying additional load. Load shortening curves are developed
for each panel constituting the cross section and then the overall bending
moment/ curvature relationship for the section is obtained through integration of the
results of all the panels comprising the cross section, resulting in a plot of bending
moment M against hull curvature ¢ over the entire hogging to sagging range. The
ultimate bending moment in both hogging and sagging is then given by the values at
which the slope of the curve is zero. According to SSCP23, the procedure is described
in some detail by Smith (1977) and as mentioned above, non-linear finite element
analysis is required to develop load shortening curves. DERA have developed the
computer program FABSTRAN for this purpose, while for subsequent calculations the
program NS94 is used (Smith and Dow, 1986).

12 Defence Evaluation and Research Agency, UK.
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The ultimate collapse load calculated in this manner enables the progressive collapse
of the hull to be determined, allowing for load shedding and changes in sectional
properties, until such time that hull curvature reaches unacceptable limits and can no
longer absorb any additional load. According to SSCP23, provided the design bending
moment Mg, given for example by equation (6), is calculated with an appropriate
probability of exceedance in the ship’s life, and the displacement and mass distribution
have been selected to ensure the worst loading case, then for ultimate strength
assessment it is sufficient to ensure that M, is greater than Ma without any further
margin. However, if the fall off of load carrying capacity is rapid, as shown by the
bottom curve in Figure 9, a value of at least Mu /Ma = 1.1 is recommended.

o/,
10 A - Elastic-perfectly plastic
08 L B - Well designed
06 |
04 |-
- C - Poorly designed
02 |
0.0 . 1 . 1 L 1 . ] L 1 .
0.0 0.5 1.0 1.5 20 25 3.0

g/e

Figure 9.  Indicative Load Shortening Curves for Stiffened Panel.

3.1.3 Panel Collapse as a Criteria for Hull Failure

The process of ultimate strength assessment as outlined above is a complex task and at
the design stage is an iterative procedure. In practice, for example at the concept
design stage or if suitable computer programs are not available, an alternative more
approximate approach may be necessary. For many practical purposes it can be
accepted that collapse of any stiffened panel will constitute hull failure, and so the
acceptable ultimate bending moment, M; (Moment to failure), can be defined as the
minimum bending moment required to initiate failure of any stiffened panel. For cross
stiffened warships, failure may be may considered as (i) interframe (i.e. between
transverse frames) collapse of plate and stiffeners, or, (ii) as gross panel collapse
involving both longitudinal and transverse stiffeners. Whereas for a transversely
stiffened ship, simple plate failure is equivalent to interframe collapse and will
constitute hull failure. It should be normal practice in the design of a ship to ensure
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that failure under ever increasing load will occur in a hierarchical manner, with the
least critical failures occurring first. The order being:

+ plate buckling

+ frame tripping

. interframe collapse between transverse frames

« gross panel collapse involving both longitudinal and transverse stiffeners

Hughes (1983) provides analytical methods for determining minimum properties of
plates and stiffeners, and of determining failure stress in terms of longitudinal stress,
to ensure that panel scantlings are adequate. Even a scarcely adequate summary of
these methods is outside the scope of this document, so the reader is therefore referred
to Hughes (1983) and in particular chapter 14 deals with ultimate strength of stiffened
panels.

4. Application of Loads using Finite Element Analysis

If finite element analysis is to be used for structural strength assessment then a suitable
method must be used to apply loads to the FEA model. To some extent this is
dependent upon the method used to define and calculate the loads in the first place
and also the particular finite element analysis software being used. For this reason the
discussion will refer to the MAESTRO and ANSYS finite element analysis programs?3
which are the currently used by DSTO.

4.1 General Approach to Ship Structural Modelling
Finite element analysis of ships can fall into three categories

Global or whole ship model where the ship is modelled using a coarse mesh
Local model where a refined mesh of a particular part of the ship’s structure, such
as a half-width section of the hull and/or superstructure, is modelled using a
detailed mesh and boundary conditions supplied by the global analysis

e Stress concentration analysis where a very detailed analysis of a minor structure
such as a hatchway, is carried out to determine the geometrical stress concentration
factor for fatigue analysis calculations.

It is the approach to the first of these items which is of greatest concern in this paper,
as it has a significant effect on the results of analysis of the other types. The final
category is not so greatly influenced by the other analyses if the aim is simply to
determine stress concentration factors. In that case, unit loads are applied to determine
the stress concentration factors, however if a fatigue life analysis is to be conducted,
then accurate estimation of the field stress in the vicinity of the component is essential.

13 ANSYS is a general purpose finite element program.
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Typically a coarse mesh model is used for whole ship analysis in order to generate
boundary conditions, generally displacements, to be applied to refined mesh models of
areas of interest such as high stress locations and stress concentrations. Virtually all
FEA programs now automate this process through the use of the 'super element
technique' whereby the refined mesh is considered as a 'super element' by the global
analysis and the boundary displacements are transferred automatically to the local

model.

The level of detailed that can be modelled in a global analysis is dependant upon
software limitations, hardware platform and available resources to develop the model
and perform the analysis, and so a compromise between model complexity and quality
of results is usually required. A coarse mesh model will consist primarily of
orthotropic 2D-plane elements whose properties are defined to represent the average
properties of the stiffened panels making up the vessel, particularly those which are
longitudinally effective. This enables the number of elements required for the models
to be reduced but retains the overall hull girder properties. Major bulkheads, main
longitudinal hull girder(s) and transverse frames will be normally be modelled in a
similar manner or using beam elements if local bending stiffness is significant.

4.2 Static and Static-Balance Load Cases

The simplest loading case for whole-ship analysis is that of still water bending which
should always be the first loading case considered so that the correct weight
distribution is obtained for subsequent analysis. The ship is at rest in a state of
equilibrium between the weight of the ship and her cargo/payload and the resultant
buoyancy forces. The buoyancy is readily calculated with a high level of accuracy from
knowledge of the three dimensional shape of the hull and appendages and of the
forward, after and midships drafts of the ship. The mass distribution is obtained from
design information regarding lightships weight and weight measurements of fluids,
cargo and other consumables and equipment aboard the ship.

To apply these loads to a whole ship finite element model a number of approaches can
be used, but the most direct is the application of hydrostatic pressure to the wetted
surface of elements. The buoyancy pressure distribution varies linearly with water
depth and pressure loads are applied as point load vectors at the nodes and the
transformation from pressure to point load is usually carried out by the finite element
program, e.g. the MAESTRO IMMERSION keyword. Most finite element programs
allow the pressure to be defined as linear function of distance so that design pressure
loads, such as for slamming, may be calculated directly by the program, e.g. the
ANSYS SFGRAD command. The weight of the ship is modelled as a combination of
distributed self-weight loads for hull, systems and minor equipments, pressure loads
for fluids and cargo, and point or line loads for large equipments. Whenever possible,
line loads should be applied at areas with natural restraints such as along a girder,
transverse frame or a hard chine, rather than across unsupported plate elements. It is
necessary to specify fixed boundary conditions, to at least one node and typically to
the translational modes at the extreme end nodes of the model in the trimmed
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condition, so as to avoid singularity of the stiffness matrix. It will usually be necessary
to apply an iterative procedure to balance the weight and buoyancy forces at the
correct trim by adjusting the weight and buoyancy distributions as necessary, so as to

minimise the reaction forces at the fixed nodes, ideally to zero.

The static-balance load case is simply an extension of the still water case. Using the
weight distribution from the still water case, the aim is to balance the ship on an
assumed wave profile by iteratively adjusting the draught and trim until the net force
and moment on the ship is (ideally) zero. It has been common practice in simple beam
calculations of hull girder strength to use a trochoidal wave profile, as this profile
more accurately represents the shape of real unidirectional waves than does a
sinusoidal wave. If possible this should be continued, however it should be noted that
the MAESTRO program WAVE and WAVEONLY keywords only provide the
capability to generate sinusoidal wave profiles. At present, MAESTRO does not
balance the ship on the wave, this is an iterative process which is left to the user!.
When heeling or trimming the vessel in a MAESTRO analysis, it should be noted that
the program inclines the water surface about the global Z axis (athwartships direction)
rather than changing the inclination of the structure so the angles will be of opposite
sign. As the pivot point is about global Z axis, if the origin is not centre of flotation
each change in trim will result in a corresponding change in buoyancy force which
makes the iteration procedure more difficult.

In the static-balance case, when the correct draft and trim of the vessel have been
achieved and the ship is balanced, it is possible that there will be a significant
longitudinal resultant forces at the fixed forward and after nodes, due to the tendency
of the ship to "slide off" the static wave fixed at midships. The effect of this reaction
should be considered in context of the overall analysis to assess whether or not an
attempt should be made to shift the location of the peak or trough of the wave so as to
minimise the three X-Z plane reactions.

A feature of many general purpose finite element programs such as ANSYS is a facility
to perform inertial relief calculations under a static analysis. This is a procedure that
calculates the accelerations which counter-balance the net applied loads so that the
analysis becomes equivalent to a free-body or unrestrained analysis. This effectively
removes the need for the ship to be iteratively balanced on the wave and therefore
obscures the effect of this balancing process. It is recommended that this approach be
treated with some caution so that limits be placed on the magnitude of the inertial
relief calculations to ensure that the resultant load case is not substantially different
from the same nominal iteratively-balanced load case. A suitable approach would be
to roughly balance the model so that end node reaction forces are within a few percent
of the total displacement and then to invoke the inertial relief facility to complete the
balance.

14 Proteus Engineering, the MAESTRO software distributors, have recently been contracted by
DSTO to provide a load balance routine in MAESTRO to automate the process of calculating the
static position of a hull within a specified wave in terms of draft, trim and roll.

21




DSTO-RR-0116

4.3 Wave Spectrum Load Case

Ideally, to study a ship's response to a particular wave environment, it is desirable to
be able to apply a wave spectrum as the load input to a finite element model. This is in
fact an extremely complex task and there is little evidence in the literature of this being
done on a routine basis.

43.1 Analysis of the RAN LST/THSS

One available example of where a wave spectrum load input has been applied to a
finite element model is the investigation of Royal Australian Navy's Landing Ship,
Tank (LST)/ Training Helicopter Support Ship (THSS) conducted by Vipac (1995). The
loading information for the LST/THSS analysis was provided as a combination of the
input wave spectrum!® and the frequency response functions for heave and pitch
accelerations and vertical shear force components; wave exciting forces, hydrodynamic
forces due to relative body motion and static restoring forces. The frequency response
functions were provided only for the vertical plane and the head seas case. The
analysis was done in such a way that the stress RAOs for every element node was
determined and then the stress response spectrum for each node was determined
using the linear relationship:

Sg(®.) = RAO.S (v.)- (13)

The extreme stress amplitude response, excluding still water bending and slamming
effects, was determined for the input sea state using equation (10) and then added to
the still water bending response.

The spectral wave load procedure used for the LST/THSS was as follows:

e The nodal mass distribution was determined by applying the still water buoyancy
force and a 1 g (9.81 m/s) downwards acceleration to the model.

o The stresses for the still water load case were determined.

Frequency response functions for wave exciting forces, hydrodynamic forces due
to relative body motion between vessel and water (denoted as dynamic forces) and
the static restoring forces were determined at each of 21 hull stations using strip
theory.

e At frequency intervals of 0.01 hertz , the shear force and phase at each station
corresponding to a 1 metre amplitude sine wave was determined (i.e. equal to the
amplitude ratio times cosine of the phase angle, multiplied by 1 metre) and
distributed as a pressure force to the individual finite element nodes using a
spreadsheet program. The pressure was assumed to vary linearly from zero at the
free surface to a maximum at the keel, such that when integrated over the section
surface it was equal to the applied shear force.

15 In this case the Bretschneider spectrum was used.




DSTO-RR-0116

o The pressures were applied to the ANSYS finite element model as a series of load
cases at frequencies from 0.01 Hz to 2.0 Hz, and balance for each load case was
achieved using the inertial relief method. The resulting stresses provide the stress
per unit wave amplitude and so give the nodal stress RAOs for the vessel.

e The stress spectra at each node were then calculated for the input wave spectrum
using equation (13) and the extreme responses calculated using equation (10), with
a = 0.01. These stresses were then added to the stresses for the still water analysis
to provide the extreme responses for the given sea state with a probability of one
percent.

While the procedure used in the LST/THSS analysis appears to be valid, it is
suggested that the accuracy of the answers must be treated with caution until a more
thorough assessment of the method and results can be conducted. The main concern is
that objective assessment of the results is difficult due to the complexity of the analysis
and the general lack of physical appreciation of nodal stress RAOs. A more thorough
evaluation of the method is therefore recommended.

From the literature, there appears to be no clear or accepted procedure for the
application of wave spectrum loading directly to finite element models in order to
determine structural stresses. This is an area where future work is needed to establish
an appropriate procedure and to validate results against alternative methods and full
scale measurement. It is not possible to conduct such analyses for the current report
and it is strongly recommended that this be done in the future.

5. Conclusions and Recommendations

A review of loads calculation methods for surface ships and their application to finite
element models has been conducted. Different formulae for the design static wave
height have been presented together with background information as to their
application. The SSCP 8m wave criteria is considered appropriate for typical frigate

type warships while the 0.6J/L wave is suggested for vessels over 200m as it allows
for the increase in effective wave height with ship length while acknowledging the
non-linear manner of this increase. Whichever approach is used, it is to be
remembered that the wave height formulae give the most probable maximum lifetime
wave bending moment and that still water loads, differences between hogging and
sagging, and slamming loads need to be included in the overall analysis.

As an alternative to the static-balance wave, strip theory may be used to predict wave
loads on ships in different sea states and for different ship speeds and headings. A
probabilistic assessment then enables the probable maximum load for the given sea
state to be predicted and if all combinations of ship speed, heading and sea state are
considered, long term design extreme and fatigue loads can be evaluated.

The accuracy of the strip theory and other codes has been investigated by several
researchers and it appears that the error associated with predicting midships bending
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moment using strip theory is of the order of 10% to 20%. This accuracy is reduced
further towards the ends of the vessel and as seas become progressively more
beam-on. Calculations using the 3-D panel method code PRECAL, show little or no
improvement over strip theory codes but are considerably more complex. At this stage
the extra computational effort appears to be unwarranted although future code and
hardware developments are likely to improve this position.

Methods for determining the ultimate bending moment that may be carried by a
structure are discussed. For RAN purposes, the most appropriate method at present
appears to be that of Adamchak which is incorporated into the MAESTRO program.
There is however limited, albeit very encouraging, correlation between numerical
predictions and test data and further evaluation is therefore recommended. The use of
load shortening curves as a means for determining ultimate strength is briefly
discussed, but suitable computer programs are required for effective use of this
method. For quick, 'back of the envelope' calculations, analytical methods provided by
Hughes (1983) enable the minimum load to collapse stiffened panels to be determined.

The application of loads to finite element models is relatively simple for still water and
static-balance load cases, although a manual iterative procedure is necessary to balance
the model upon the static-wave when conducting a MAESTRO analysis. The
development of computer software to perform this task would be of considerable
benefit. A method of application of a design wave load spectrum to a finite element
model, as used in the analysis of the LST/THSS, is discussed and a more thorough
evaluation of this method is recommended. It is recommended that further work also
be done to establish an appropriate procedure for the direct application of wave
spectrum loads onto finite element models and to validate results obtained against
alternative methods and full scale measurements.
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6. Notation

acceleration vector

continuous longitudinal buoyancy distribution

discrete, sectionwise longitudinal buoyancy distribution
elastic (Young's) modulus

force vector

acceleration due to gravity

wave height, crest to trough

frequency response function

total number of wave encounters for the particular sea state

ship length, taken as length between perpendiculars unless specified
length between perpendiculars
static-balance wave load factor

mass, longitudinal mass distribution

bending moment

design sagging bending moment (excluding SWBM)
design hogging bending moment (excluding SWBM)
hogging bending moment (including SWBM)

bending moment at which the i-th panel fails

n'th moment of the spectrum

sagging bending moment (including SWBM)

still water bending moment (+ve for hogging, -ve for sagging)
ultimate bending moment

wave induced sagging bending moment (excludes SWBM)
wave induced hogging bending moment (excludes SWBM)
number of panels (for ultimate strength calculation)
Fourier transform of the time dependant response function
still water bending moment

encounter response spectrum

encounter wave spectrum

time

duration of a specified sea state, in hours

average zero-upcrossing period in seconds

velocity vector

continuous longitudinal weight distribution

discrete, sectionwise longitudinal weight distribution
distance from the neutral axis after removal of failed panels
risk parameter, (k=0.01 means a 1% risk of exceeding the design value)
displacement

differential

average applied strain at time of panel collapse
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average applied strain at onset of panel yield

average strain act which a panel collapses, yields

curvature
curvature at which a panel collapses or yields

wave length
average amplitude

design extreme amplitude for a particular sea state
probable extreme amplitude for a particular sea state
Fourier transform of the time dependant wave function

encounter frequency
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